P rotection of cells from complement is attributable to membrane-associated C regulatory (CReg) 4 proteins, a battery of inhibitory proteins that includes the GPI-anchored molecules CD55 and CD59 (1) . CD59, the sole cell surface inhibitor of the membrane attack complex on human cells, is broadly distributed, present in most tissues, and on all circulating cells. Addition of the GPI anchor is a posttranslational modification (2) . Cells from patients with the hematological disorder paroxysmal nocturnal hemoglobinuria are defective in the machinery for GPI anchor synthesis and hence lack surface expression of both CD55 and CD59 and are highly susceptible to the lytic effects of the membrane attack complex (3, 4) . Down-regulation of CD59 expression has been described previously in hematological malignancies such as promyelocytic leukemia (5) . Indeed, the widely used U937 cell line was derived from the pleural effusion of a histiocytic lymphoma patient (6) and has been shown to lack CD59 expression despite normal GPI-anchoring capacity (7) .
Several recent studies have implicated CReg in aspects of cellular immunity. CD46 is involved in the acquisition of a regulatory cell phenotype in CD4 ϩ T cells (8) , and CD55 has been implicated as a negative regulator of T cell responses in the mouse (9) . Roles for CReg in cell-mediated cytotoxicity have also been proposed. Expression of CD55 on K562 cells protected these targets from killing by NK cells and blocking of CD55 enhanced NK cytotoxicity (10, 11) . More recently, expression of CD55 on porcine endothelial cells was shown to protect against both C and NK cytotoxicity (12) . Interestingly, deletion of short consensus repeat 4 in CD55 caused loss of protection from NK, but C protection was preserved, suggesting that these activities resided in different parts of the molecule (13) . Contrasting roles for CD55 and CD59 expressed on the NK effector cell in cytotoxicity have been reported. NK expression of CD55 inhibited cytotoxicity (11) , whereas CD59 expression on NK cells enhanced killing (14) . In this latter study, CD59 was associated with the known NK cytotoxicity receptors NKp30 and NKp46. The target cells used, the P815 murine mastocytoma line, lacked CD59 expression, and the potential role of CD59 on the target was not explored.
We were interested in exploring whether expression of CD59 on target cells influenced NK-mediated cytotoxicity. With the aid of Ab blocking experiments using the CD59-positive line K562 as targets, we were able to show that expression of CD59 could enhance NK cytotoxicity and that the region involved is distinct from its C regulating region. Using the CD59-negative U937 cell line as targets and introducing CD59 in various ways we confirmed that expression of GPI-anchored CD59 on target cells indeed enhanced NK cytotoxicity, which is directly dependent on the context of this protein. We demonstrate in this study that, although a bis-myristoylated-peptidyl (BiMP)-tagged CD59 is able to efficiently bind to cells and migrate to lipid rafts, it is unable to mediate signaling capacity or the enhanced NK cytotoxicity afforded by its GPIanchored counterpart. This functional difference between the CD59-tagged molecules was not reflected in C-mediated lysis, in which the presence of each form of CD59 efficiently protected against C lysis. These data indicate that lipid raft association and the signaling capacity conferred by the GPI-anchor are essential for CD59-mediated enhancement of NK cytotoxicity, and implicate NK receptors as potential CD59 ligands.
Materials and Methods

Abs and reagents
Unless otherwise indicated all reagents were obtained from Sigma-Aldrich. Abs used in this study included BRIC229 anti-CD59 (International Blood Group Reference Laboratory (IBGRL)), MEM43 and MEM43/5 anti-CD59 (both supplied by V. Horejsi, Academy of Sciences of the Czech Republic, Prague, Czech Republic), and YTH-53.1 anti-CD59 (supplied by H. Waldmann, Oxford University, Oxford, U.K.). Mouse IgG1a was purified in house.
Cell cultures
The human U937 and K562 cell lines were obtained from European Collection of Animal Cell Culture and maintained in RPMI 1640 supplemented with 10% FCS, 4 mM L-glutamine, 2 mM sodium pyruvate, 100 IU/ml streptomycin, and 100 IU/ml penicillin at 37°C/5% CO 2 . The human NK leukemia (NKL) cell line (15) was maintained under the described conditions in the presence of 200 IU/ml human IL-2 (Proleukin; Chiron).
Flow cytometry
Harvested cells were washed twice in FACS buffer (PBS/2% BSA/0.1% NaN 3 /10 mM EDTA) and resuspended to 10 6 /ml. Staining was conducted at 4°C for 30 min with a final primary Ab concentration of 5 g/ml. Following two wash steps in FACS buffer, cells were incubated in FITC-or PE-labeled secondary Ab (The Binding Site) at 4°C for 30 min. Samples were washed a further three times in FACS buffer, and data were acquired on a BD FACScan (BD Biosciences) provided by the Cardiff University Central Biotechnology Services.
Ab blocking
In some experiments, before NK cytotoxicity and C-mediated lysis assays, washed cells were incubated at 37°C for 15 min with mAbs against CD59 at 10 g/ml per 2 ϫ 10 7 cells. Unbound Ab was removed by washing cells twice in RPMI 1640. Control cells were incubated with mouse IgG1a at the same concentration or with RPMI 1640 alone.
Isolation of primary mononuclear cells and CD3 depletion
PBMC were obtained from heparinized blood samples of healthy volunteers. PBMC were isolated via density gradient centrifugation using Lymphoprep (Invitrogen Life Technologies) and washed three times in PBS. Cells were resuspended at 2.5 ϫ 10 5 /ml in PBS/2% human AB serum and stained with mouse monoclonal CD3-FITC (Serotec) for 30 min at 4°C. Following two washes, 50 l of CD3-stained cells were retained for predepletion assessment, and the remainder incubated with prewashed sheep anti-mouse Ig-coupled magnetic dynabeads (Dynal Biotech) for 2 h at 4°C. CD3-depleted cells were washed in PBS/2% AB serum and stained with CD56-PE (BD Biosciences) for 30 min at 4°C. Using flow cytometry analysis, CD3 depletion of the lymphocyte population was shown to be 90 -96% efficient, and the CD3 Ϫ /CD56 ϩ subpopulation was used to determine the percentage of NK cells in calculating the various E:T ratios described. Lymphocytes were resuspended in RPMI 1640/5% AB serum with 1000 U/ml IFN-␣ and incubated overnight at 37°C/5% CO 2 and subsequently used in a 4-h cytotoxicity assay to be described. 51 Crloaded target cells were plated into the relevant wells at 2000 cells/well and incubated at 37°C for 4 h before centrifuging and harvesting supernatants. Minimum and maximum 51 Cr release was assessed in supernatants from cells incubated with medium alone and 2% Triton X-100 in medium, respectively. Supernatants (20 l) were diluted in scintillant (150 l), and 51 Cr present in the reaction mixture was assessed by scintillation analysis of beta emission (MicroBeta TriLux; Wallac). Percentage of release for each condition was calculated with reference to minimum and maximum levels.
NK-mediated cytotoxicity
C-mediated lysis
Inhibitory activity of expressed or incorporated CD59 was assessed in a C lysis assay in triplicates in 96-well plates. Cells were washed, resuspended to 2 ϫ 10 6 /ml in serum-free medium, and sensitized using an anti-CD15 IgM mAb (TG1 at 100 g/ml; a gift of Prof. P. Beverley, Edward Jenner Institute, Compton, U.K.) for 40 min at 37°C. After extensive washing in veronal-buffered saline, cells were incubated with veronal-buffered salinediluted normal human serum in a dilution range between 1/2 and 1/256 (v/v) for 1 h at 37°C. Cells were washed twice in cold FACS buffer, resuspended in cold FACS buffer containing 2 g/ml propidium iodide, and their percentage of viability determined by flow cytometry. Heat-inactivated normal human serum was used as control.
Whole cell lysis and Western blotting
Cells were lysed in 1% Nonidet P-40 buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA) in the presence of protease inhibitors (1 g/ml aprotinin, 5 g/ml leupeptin, 1 g/ml pepstatin A) and phosphotyrosine inhibitors (50 mM NaF, 1 mM Na 3 VO 4 ). Postnuclear supernatants were prepared by centrifugation (16,000 ϫ g at 4°C for 20 min), subjected to nonreduced SDS-PAGE, and probed with the mentioned Abs in 5% skim milk in PBS/0.1% Tween 20.
Creation of stable cell lines
Stable transfectants of U937 cells were obtained using the pDR2⌬EF1␣ expression vector carrying the hygromycin resistance gene (16) . GPI-anchored CD59 expression in this vector has been previously described (17) . Cells were washed and resuspended in Dulbecco's PBS to a final density of 3 ϫ 10 7 /ml and placed on ice for 10 min. Plasmid DNA was then added to a final concentration of 50 g/ml, and 0.5 ml of the DNA/cell suspension was pulsed at 1050 F and 280 V using the Gene Pulser (Bio-Rad). After electroporation, the chamber was placed on ice for 10 min, and cells were harvested and resuspended in complete growth medium for 10 min at room temperature. After 36 h, cell viability was assessed by trypan blue exclusion and selection maintained for 2 wk using hygromycin at 200 g/ml (U937-CD59). Control cells were transfected with the empty vector and selected in an identical manner (U937-pDR2).
CD59 protein preparation and incorporation
GPI-anchored CD59 was purified from human erythrocytes by isolating membranes, butanol extraction, and affinity purification using a MEM43 immunoaffinity column essentially as previously described (18) . The yield of pure CD59 from 1.5 liters of packed erythrocytes was 0.25 mg. Coomassie-stained SDS-PAGE and Western blotting confirmed the purity and integrity of the protein (data not shown). U937-pDR2 cells were used for incorporation of CD59 proteins. BiMP CD59 was generated from bacterially expressed recombinant CD59 by the addition of a synthetic tag, with a novel tag structure for increased stability in membranes essentially as previously described (19, 20) . This agent was the gift of Inflazyme Pharmaceuticals. The expressed protein was refolded as described and purified by ammonium sulfate precipitation. Purity was confirmed at Ͼ99% with Ͼ95% as monomer by SDS-PAGE analysis; endotoxin levels were Ͻ2 EU/mg. The tagged molecule is stable on storage and does not aggregate (data not shown). Cells washed and resuspended in PBS at 1 ϫ 10 7 /ml were incubated at 37°C with 25 g/ml either BiMP CD59 or GPI-anchored CD59 for 15 min with constant mixing. Unincorporated protein was removed by washing three times in PBS at room temperature. Efficiency of incorporation was assessed by Western blotting and by flow cytometry as previously described. Incorporation life-span was determined by incubating CD59-incorporated cells in RPMI 1640 with 5% FCS and at 37°C/5% CO 2 for various times up to 15 h. CD59 expression was determined by flow cytometry as described.
Sucrose gradient ultracentrifugation and immunofluorescence microscopy for assessment of raft-associated proteins
Lipid raft association of incorporated or transfected CD59 proteins was assessed by solubilization of cells (5 ϫ 10 7 ) at various intervals after incorporation and analysis by sucrose gradient ultracentrifugation as previously described (21) . Briefly, washed cells were lysed for 30 min at 4°C in 1% Nonidet P-40 (Calbiochem). Lysed cells were placed in ultracentrifuge tubes and made 40% (w/v) sucrose in 0.5 ml, overlaid with 1.75 ml of 35% sucrose and finally by 0.25 ml of 1% Nonidet P-40. Ultracentrifugation was conducted at 18,000 ϫ g for 18 h at 4°C. Eight equal fractions were harvested; top fractions (1-3) of the standard gradient represent lipid-raft associated proteins. The nuclear pellet was also retained for analysis. For immunofluorescence staining, cells maintained at 37°C for 2 h postincorporation were washed twice in PBS/1% BSA/2 mM EDTA and double stained using GM1-FITC (1/100; Sigma-Aldrich) and BRIC229 (1/200; IBGRL) with anti-mouse Alexa Fluor 594 (Molecular Probes) at 4°C for 30 min. Cytospin preparations of twice washed cells on slides were imaged by fluorescent microscopy, and images were captured electronically (Leica).
Cross-linking and intracellular calcium flux
Cells were harvested, resuspended in RPMI 1640 with 10% FCS to 2.5 ϫ 10 7 /ml, and preloaded with 2 M fura 2-AM (Molecular Probes) for 1 h at 37°C. After washing and resuspension in Krebs-HEPES buffer (20 mM HEPES, 128 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 20 mM glucose (pH 7.4)) samples were incubated with BRIC229 (2 g/ml final) at 4°C for 15 min. Cells were washed, resuspended in Krebs-HEPES buffer, and aliquoted to a 96-well flat-bottom plate. Cross-linking was induced by addition of 20 g/ml F(abЈ) 2 rabbit anti-mouse Ab at 37°C to individual wells and changes in intracellular-free Ca 2ϩ levels were measured at 37°C using the FluoStar Optima fluorometer (BMG Lab Technologies). Fluorescence measurements were acquired every 0.5 s.
Results
Ab blocking of CD59 on K562 targets inhibits NKL lysis
To investigate the role of CD59 in NK-mediated cytotoxicity we tested the effect of Ab blocking on this activity. The K562 cell line, derived from the pleural effusion of a chronic myeloid leukemia patient in blast crisis (22) , is widely used as a highly sensitive target for in vitro NK-mediated cytotoxicity (23) . We have previously mapped a panel of mAbs on CD59 and characterized their capacity to block CD59-mediated protection during complement attack (24) . In this study we examined the capacity of selected mAb to modulate susceptibility of the K562 line to cytotoxicity mediated by the CD59-negative NKL cell line. Three mAbs were tested, two of which target the putative "active site" for C inhibition (BRIC229 and MEM43) and one that binds a mapped epitope remote from this site (MEM43/5). All mAb bound to CD59-positive K562 as assessed by flow cytometry; BRIC229 consistently gave 2-fold higher staining than the other mAb, likely reflecting its known high affinity for CD59 (Fig. 1A) . Only MEM43/5 significantly altered NK cytotoxicity, reducing lysis from 37% in nonimmune Ig controls to 7% after mAb pretreatment (Fig. 1B) . C lysis experiments performed in parallel were consistent with previous observations (24 -26) , in that BRIC229 and MEM43 significantly enhanced C lysis, whereas MEM43/5 was without significant effect (Fig. 1C) . These data suggest that CD59 on the target influences NK cytotoxicity through sites distinct from those modulating C lysis.
Stable incorporation of anchored CD59 into a CD59-negative cell line
To further dissect the role of CD59 on targets during NK-mediated cytotoxicity, we next explored methods of incorporating and expressing CD59 in the CD59-negative U937 cell line. We have previously described expression by transfection of CD59 in U937 and in this study show that stable expression is achieved at a level ϳ4-fold higher than that of the endogenous expression level on the CD59-positive cell line K562 (Fig. 2, A and B) . Two additional U937 mutant lines demonstrating stable CD59 expression of the transmembrane form (U937-CD59TM) and the unglycosylated mutant (N183 A; U937-CD59Ungly) were created; U937-CD59TM showed a similar expression level to U937-CD59 while expression of U937-CD59Ungly was ϳ2-fold lower by flow cytometry (data not shown). Western blot analyses showed a broad glycosylation pattern of CD59 expression of the transmembrane, resembling that of GPI-anchored CD59, whereas expression of the unglycosylated mutant showed a distinct single band of ϳ16 kDa ( Fig. 2A) . Of note, the NKL effector cell line was negative for CD59 in these assays (Fig. 2, A and B) . GPI-anchored CD59 purified from erythrocyte membranes incorporated efficiently into U937, as judged by flow cytometry, reaching levels comparable with those in the CD59-transfected cells (Fig. 2C, U937ϩCD59GPI) . A recombinant form of CD59 expressing a BiMP tag to allow membrane incorporation also incorporated efficiently into U937 cells, reaching a level ϳ50% of that on CD59-transfected cells (Fig. 2C,  U937ϩCD59BiMP ). Cells transfected with CD59 or with incorporated protein were then incubated at 37°C and residual CD59 expression measured at intervals by flow cytometry over 16 h. As expected, levels on the transfected line were unaltered; in contrast, GPI-anchored CD59 was lost slowly over the first 4 h in culture but then dropped rapidly, likely reflecting cell division in culture (Fig. 2D) . BiMP-tagged CD59 displayed similar kinetics of loss, although loss in the first 4 h was more rapid and CD59 had almost disappeared by 7 h postincorporation (Fig. 2D) .
GPI anchoring but not glycosylation is essential for enhanced NKL-mediated cytotoxicity
The effect on NK-mediated cytotoxicity was subsequently examined among the different forms of CD59-expressing cells. Because FIGURE 2. Characterization of the cell line models. A, CD59 expression was determined by Western blotting demonstrating strong expression on K562 and on U937 transfected with the various forms of CD59, and no expression on vector-transfected U937 and the NKL cell line. B, Flow cytometry showed strong expression by U937 transfected with CD59 (U937-CD59) as compared with endogenous levels expressed by K562. The empty vector control (U937-pDR2) and the NKL effector cell line were negative. C, Incorporated proteins were also measured by flow cytometry, illustrating comparable levels between U937 transfected CD59, GPI-anchored CD59, and BiMP CD59 (U937-CD59, U937ϩCD59GPI, and U937ϩ CD59BiMP). U937 transfected with the empty vector (U937-pDR2) is shown as control. D, Time course analysis of the incorporated proteins was determined by flow cytometry. of the importance of target MHC class I expression in NKL killing, we checked expression of MHC class I on CD59-transfected U937 and vector controls; expression levels were identical (Fig. 3A) . To confirm the functional capacity of CD59 expressed in these different ways on U937 we examined protection from C lysis (Fig.  3B) . GPI-anchored (transfected or incorporated) CD59 strongly protected against C lysis, and BiMP-anchored CD59 was equally active in this assay, demonstrating that the GPI anchor was not necessary for C inhibition. In respect of NK cytotoxicity, when GPI-anchored CD59 was expressed by transfection in U937, susceptibility to NKL-mediated cytolysis was significantly and dramatically enhanced as compared with vector-transfected controls; 33 Ϯ 6% in contrast to 13 Ϯ 3% killing at the E:T ratio of 45:1 ( Fig. 3C; p Ͻ 0.01) . Incorporation of GPI-anchored CD59 caused a smaller, albeit significant, increase in cytolysis (20 Ϯ 3%; p Ͻ 0.05), but incorporation of BiMP-anchored CD59 had no effect (11 Ϯ 3%; Fig. 3C ). To eliminate the possibility that lack of glycosylation on the recombinant BiMP-anchored CD59 was responsible for these differences, we tested the effects of the expressed GPI-anchored unglycosylated mutant; cells expressing unglycosylated GPI-anchored CD59 demonstrated a similar degree of enhanced susceptibility toward NKL-mediated cytolysis (30 Ϯ 2%; p Ͻ 0.01). To examine the role of the GPI anchor we tested transmembrane-anchored glycosylated CD59 and showed that it was without effect in the system (Fig. 3D ). These data demonstrate that CD59 modulates NKL-mediated killing and imply that the GPI anchor is essential for the observed effect, whereas the glycosylation state of this protein has no influence on NK-mediated cytotoxicity. The data show that the inhibition of C lysis by CD59 is mechanistically distinct from the effects on NKmediated cytotoxicity.
GPI-anchored CD59 on U937 target cells significantly enhances human primary NK cell-mediated cytotoxicity
To substantiate the role of CD59 on target cells in NK activity, freshly isolated human primary NK cells were used in cytotoxicity assays against the U937 mutant cell line targets. Triple-color flow cytometry was used to determine the proportion of NK cells in the lymphocyte population, characterized by the CD3 Ϫ /CD56 ϩ markers (27) and the percentage of cells expressing CD59. CD3 depletion was successfully achieved with 90 -96% efficiency (92% in the representative plot shown in Fig. 4A ), whereas 37-45% of the lymphocyte population (42% in the representative plot; Fig. 4A ) were NK cells. Interestingly, 97-99% of the lymphocyte population were identified as CD59-positive whether depleted of CD3 or not. Consistent with the NKL-mediated cytotoxicity data, primary NK-mediated cytotoxicity is enhanced in the presence of GPI-anchored CD59 on target cells as compared with empty-vector control cells, although the enhancement was statistically significant only at the 50:1 E:T ratio ( p Ͻ 0.05; Fig. 4B ).
Both GPI-anchored and BiMP-anchored CD59 are localized in lipid rafts after incorporation in U937
To investigate the reasons for the differences between the two forms of CD59 in modulating susceptibility of targets to NKL cytotoxicity, we examined the location of the incorporated BiMPand GPI-anchored CD59 in U937 target cells. Immunofluorescence microscopy demonstrated a patchy distribution of both forms of CD59 and colocalization with ganglioside GM1, a marker of lipid rafts (Fig. 5A ). Location in rafts was confirmed by sucrose gradient ultracentrifugation, both forms of CD59 localizing in early fractions from the gradient along with specific raft markers, and substantially lower levels present in nonraft fractions under saturating conditions (Fig. 5B) . Banding patterns on the Western blot of GPI-anchored CD59 reflect the well-described heterogeneity of glycosylation, apparent as a "laddering" pattern in the mass range of 18 -25 kDa, with intervals corresponding to addition of high mannose units (28) . The bacterially expressed BiMP CD59 is unglycosylated and shown as a sharp, single band of mass 17 kDa. These data show that both BiMP-anchored and GPI-anchored CD59 locate in lipid rafts (Fig. 5C) , an environment that has been implicated in signaling with integral roles in functional activity in diverse cells (29) .
GPI-anchored CD59 is signaling competent in U937 cells
Intracellular signaling as a consequence of Ab-mediated CD59 cross-linking has been widely reported; outputs include the generation of reactive oxygen species, induction of tyrosine phosphorylation, and the release of Ca 2ϩ from intracellular stores (30, 31) . To investigate whether signaling through the various anchoring and glycosylation forms of CD59 might explain the different activities of the proteins in NK target cell lysis, intracellular Ca 2ϩ flux was measured following Ab cross-linking. When GPI-anchored CD59 was expressed on U937, either through transfection or incorporation, cross-linking of CD59 caused cell activation as demonstrated in this study by the rapid and transient increase in cytosolic-free Ca 2ϩ (Fig. 6A) . In contrast, when BiMP CD59 was expressed by incorporation at a similar level on U937, cross-linking did not cause any detectable change in intracellular Ca 2ϩ , demonstrating that the synthetic anchor was not capable of transducing activation events. Furthermore, U937 cells expressing the unglycosylated (but GPI-anchored) form of CD59 were also able to demonstrate intracellular Ca 2ϩ flux at a similar level and with the same kinetics following cross-linking as compared with the glycosylation-competent expressing cells (Fig 6A, U937-CD59GPI ), whereas no discernible flux was observed in cells expressing the transmembrane protein (Fig. 6B, U937-CD59TM ). Therefore in correlation with the NK cytotoxicity data, these observations highlight the importance of GPI anchoring but not glycosylation in mediating signal transduction via CD59.
Discussion
We set out to investigate whether the expression of CD59 on target cells modulated NK cytotoxicity. To this end, we first performed Ab blocking experiments using previously mapped anti-CD59 mAb on the widely used target line K562, a line known to express CD59 at high levels (32) . The effector cells used throughout this study were the well-described NKL cell line, shown in this study to be CD59-negative. Preincubation of K562 with mAb MEM43/5 strongly inhibited NKL-mediated cytotoxicity. This mAb has previously been shown to have no effect on CReg activity of CD59 and maps to an epitope at or close to Leu 33 (24) . Two mAb previously shown to block the CReg activity of CD59 and bind at or close to Trp 40 and Arg 53 (adjacent in the folded protein) had no effect on NKL cytotoxicity in these assays.
To further investigate the contribution of target cell CD59 expression on NKL cytotoxicity we chose the U937 cell, a line we have shown is CD59-negative but expresses other GPI-anchored molecules and can express CD59 after transfection (33). U937 were susceptible to cytotoxicity by NKL and expression of GPIanchored CD59, either through transfection or through incorporation of the erythrocyte-derived protein, markedly increased lytic susceptibility. In marked contrast, incorporation of a form of CD59 bearing a synthetic BiMP anchor, comprising a charged peptide stretch and two myristoyl residues (19) , had no effect on sensitivity of U937 to NKL cytotoxicity. The GPI-anchored and BiMP forms of CD59 incorporated to similar levels (a 2-fold difference) and were both retained on the cell surface for hours. Additional CD59 mutant U937 cell lines stably expressing the transmembrane-anchored and unglycosylated forms of CD59 at similar levels demonstrated the essential role of the GPI anchor while eliminating a role for CD59-glycosylation in NK-mediated cytotoxicity. Furthermore, findings using the NKL cell line were further substantiated by using primary NK effectors, which also demonstrated enhanced killing capacity toward targets expressing GPI-anchored CD59 as compared with vector control cells. The smaller effects in NK cytotoxicity at lower E:T ratios using primary cells may reflect homotypic interactions of CD59, as primary NK cells were strongly positive for CD59.
To explore the reasons for the apparent GPI-dependency of the observed effects, we first investigated the location of the two forms of CD59 on the U937 cell after incorporation. GPI-anchored proteins accumulate in lipid rafts, cholesterol-rich microdomains in the membrane that play key roles in signaling events in diverse cell types (34 -36) . We have previously shown that GPI-anchored CD59 incorporated in U937 accumulates in lipid rafts over the Magnification is ϫ400. Sucrose gradient ultracentrifugation of the stable CD59-expressing cell line (B) and incorporated CD59 lines (conducted as described in Materials and Methods) (C) confirm the localization of CD59 in the detergent insoluble (lipid raft) fractions. The nuclear pellet (P) was resuspended by brief sonication on ice. Fractions containing GM1 were identified by dot blotting to confirm the location of lipid rafts in the gradient (B).
FIGURE 6.
Cross-linking of GPI-anchored CD59, whether glycosylated or unglycosylated, triggers intracellular Ca 2ϩ concentration increase in U937. CD59 (A) and CD59 mutants (B) were either incorporated into U937 or stably expressed in this line. Cells were subjected to Ab-mediated cross-linking, indicated by the arrow, and intracellular Ca 2ϩ concentration levels were determined by measuring the spectral shift of preloaded fura 2-Ca 2ϩ indicator. Results are representative of three independent experiments.
course of a few hours, and once in rafts, acquires signaling capacity absent in the newly incorporated nonraft-associated protein (37) . In this study we confirmed this observation; GPI-anchored CD59, expressed or incorporated, was almost 100% raft-associated as demonstrated by raft fractionation techniques supported by microscopy and the spatial association with the raft marker GM1. BiMP CD59 also associated with lipid rafts. Proteins naturally myristoylated at the N terminus are known to associate in lipid rafts (38) . However, this association has not previously been documented for proteins modified at the C terminus, but is consistent with previous observations of colocalization of other myristoylpeptidyl and BiMP-anchored proteins with markers of lipid rafts (S. H. Ridley and R. A. G. Smith, unpublished observations). Despite their similar location in the membrane, cross-linking of these two forms of CD59 revealed key differences. Whereas GPI-anchored CD59 was signaling competent, triggering Ca 2ϩ flux in the cell, cross-linking of BiMP-anchored CD59 did not cause any detectable Ca 2ϩ flux, indicating that it was signaling incompetent. Signaling through GPI-anchored proteins requires association with adaptor molecules in the membrane (39, 40) . Our preliminary data indicate that, although GPI-anchored CD59 associates with an adaptor after incorporation in U937 to acquire signaling capacity, BiMP-anchored CD59 does not acquire such associations, likely explaining the failure to signal (data not shown). Another difference between the BiMP CD59 and the GPI-anchored forms of CD59 is that the former is bacterially expressed and lacks the large N-glycan group. However, we have shown that expressed unglycosylated CD59 efficiently mediates signaling as measured by Ca 2ϩ flux analysis, whereas the glycosylated transmembrane protein is unable to signal on cross-linking. The data suggest that CD59-specific signaling mechanisms may mediate the enhanced NK-mediated cytotoxicity toward CD59-expressing targets.
The focus of the current study was the influence of CD59 expressed on target cells on NK cytotoxicity. GPI-anchored CD59, either expressed or incorporated, was shown to enhance NK cell cytotoxicity. The expressed form always caused higher susceptibility to killing than the incorporated protein despite similar levels of expression. This result may be due to more efficient recruitment of signaling systems with endogenous expression in the target. Of note a recent elegant study demonstrated that CD59 acts as a coactivating molecule with NKp30/NKp46 on NK cells and thus influences cytotoxicity (14) .
In conclusion, these data demonstrate that CD59 on target cells enhances NKL cytotoxicity and that this effect is dependent on the GPI anchor in CD59. The findings suggest that CD59 binds ligands on the NKL and that these interactions trigger signaling events in the target that contribute to killing. We have not yet identified the NKL ligand for CD59, but have found that a directly labeled recombinant soluble form of CD59 binds NKL in a specific manner suggestive of a receptor (data not shown). Identification of this putative receptor is the subject of ongoing studies. Our observation that the BiMP membrane targeting system is signaling-incompetent is of significance for the separation of CReg and signalingdependent activities. This observation is directly pertinent to the development of replacement therapy of C inhibitory activity for paroxysmal nocturnal hemoglobinuria, in which NK cell-mediated cytotoxicity would be undesirable.
